Viruses are quasi-inert macromolecular assemblies. Their meta-stable conformation changes during entry into cells, when chemical and mechanical host cues expose viral membrane-interacting proteins. This leads to membrane rupture or fusion, and genome uncoating. Importantly, virions tune their physical properties and enhance penetration and uncoating. For example, influenza virus softens at low pH to uncoat.
Introduction
Viruses contain a nucleic acid genome in a shell of proteins, and sometimes a lipid envelope and sugars. They enter cells by interactions with host attachment factors and receptors (1) . Enveloped viruses deliver their genome into the cytoplasm or the nucleus by fusion of their lipid membrane with a host membrane, in most cases an endosomal membrane (2) . Non-enveloped viruses either directly penetrate a host membrane, or deliver a subviral particle containing the genome into the cytosol (3).
Both, enveloped and non-enveloped viruses mask their membrane penetrating peptide typically in a glycoprotein of the virion membrane, within the coat, or in the virion lumen. Membrane penetrating peptides are unmasked by cellular cues that act on the virus during entry (1) . Examples for cellular cues controlling virus entry are receptors, enzymes or chemicals, such as proteases, metal ions or reducing agents (3) . More recently, mechanical processes mediated by motor proteins or virus maturation have been identified to control virus entry.
Mechanics is considered to be a branch of physics that deals with the action of forces on materials. In biology, cells can sense, generate and bear mechanical forces, and also convert them into particular responses, for example in processes of mechanotransduction (4) . Unlike cells or organelles, which respond to external forces and adjust their stiffness to resist tension, viruses are not commonly known to adjust their mechanical properties under biological force, but rather break or rupture. Such 'inertia' offers opportunities for the virus to use mechanical events to break the capsid open, and release the viral genome for transcriptional activation during entry into cells. This 'gem' highlights how cellular cues modulate the physical properties of viruses, and how this affects viral entry into cells and infectivity.
Virus mechanics are key for infection
Virus particles (virions) protect the viral nucleic acid, and release it upon instruction by host cues. They can break inertia, since they are metastable. Meta-stability allows a stable virion to change its conformation when disturbed. Disturbance can lead to loss of infectivity, for example by heating, pressurization, radiation or action of chemicals, or by anti-viral immunity. Virus particles can also be disturbed by cues from the host, and thereby gain function in cell entry (1) .
In addition, viruses use internal genome pressure to destabilize their capsids.
Bacteriophages, such as phage lambda show an inverse correlation between the size of packaged genome and the temperature for genome uncoating in vitro (5) . Likewise, AFM force measurements with adenovirus, a non-enveloped eukaryotic DNA virus and vector widely used in the clinics, provided evidence for internal capsid pressure of about 30 atm (6) . The nature of this internal pressure from hydrated DNA is mainly entropic, and in part electrostatic. It is similar in extent to the ejection pressure of herpes virus capsids (7).
Internal capsid pressure not only helps to release the viral DNA from the capsid, but also strengthens the capsid against external deformation forces, as shown by AFM experiments with phage lambda ((5), and references therein). Interestingly, the stiffness of icosahedral viral capsids is reinforced anisotropically, for example with the least enforcement at the five-fold and the strongest enforcement at the two-fold symmetry axis. Accordingly, the elastic properties of the penton region around the five-fold symmetry axis of adenovirus are modulated by host factors, such as integrins and defensins, which play important roles in virus disassembly in cells (8, 9) . This evidence highlights the importance of capsid mechanics, and how host interactions tune viral mechanics.
In addition, the concept of pressure-dependent biological function applies to adenovirus in several ways (see Fig. 1A ). The stiffness of the mature adenovirus is about 20% larger than immature virus, which suggests that the internal pressure of mature virus is larger than immature virus (6, 10) . This was confirmed by virus disruption experiments using atomic force microscopy (AFM), where the mature core (which is the viral DNA-protein complex) was spread out to a larger area and was more accessible to a fluorescent DNA-binding dye than the immature core upon disruption (11) . Thus, pressurization during proteolytic virus maturation destabilizes the virion, and brings it into a metastable state, where the low activation energy barrier to disruption facilitates the release of penton, exposes the lytic protein VI, and eventually leads to genome release. This scenario likely explains why the immature virus TS1 is uncoating-defective, when it enters cells in a CAR (coxsackievirus adenovirus receptor) and integrin-dependent pathway like wild type virus -yet unlike wild type does not shed the fibers, does not expose the membrane lytic protein VI and cannot penetrate through the endosomal membrane (8) . All these data show that virus pressurization is an evolutionarily conserved mechanism used in bacteriophages and today's human viruses. In particular, physical properties of virions facilitate infectious uncoating triggered by host cues, and offer new possibilities for therapeutic interventions.
Mechanical properties of influenza virus change upon host cues
Influenza virus passes through acidic endosomes, an essential step for uncoating and infection (1, 2) . While residing in low pH, protons pass through the viral ion channel M2 into the virus lumen, and there separate the viral ribonucleoprotein cores (vRNPs) from the M1 protein by inducing a conformational change in M1 (see Fig. 1A ). This is consistent with the observation that the M1 protein has multiple functions in the virion, and occurs in a ribbon-like form or a coil-structure. Influx of protons into the virion lumen then softens the viral envelope, most likely by dissociating vRNPs from the inner side of the envelope (12, 13) . Evidence for this notion was obtained by atomic force microscopy measurements with both native virions, and 'bald' particles lacking viral glycoproteins. The latter result implies that low pH induced changes in the viral glycoproteins do not significantly contribute to softening of the envelope in low pH.
Virus and host mechanics control membrane rupture and genome uncoating
Besides mechanics of the virus, mechanics of the host have been implicated in virus entry based on cell biological infection studies with adenoviruses and influenza virus. 6 A combination of studies including single virus tracking at high spatial and temporal resolution, fluorescence recovery after photo-bleaching, immunological analyses, drug interference, electron microscopy and virus retargeting has shown that adenovirus is exposed to mechanical cues on the cell surface (8) . Within the first seconds of virus interactions with cells, the virus is bound to the receptor CAR and moves in random motions (see Fig. 1B ). It then engages in acto-myosin mediated slow drifting motions (<0.1 µm/sec), which persist over several micro-meters without apparent interruption. Slow drifts of virus are interrupted by stalling or short periods of random motions. Mechanical cues on the virus arise from the slow drifts of CAR, and the stalling motions of the second virus receptor, integrins. These cues are thought to be directly transmitted to the virus particle, and lead to mechanical stress, which initiates the stepwise virus uncoating program at the cell surface. For example, pharmacological interference with the slow drifts blocks the release of the virus fibers and the exposure of the membrane lytic protein VI from the inside of the virus, notably before the virus is engulfed into endosomes.
The exposure of protein VI on the plasma membrane can have several effects. One is that protein VI binds to phospholipids, and second that it disrupts the membrane. A recent study has found evidence that the exposure of protein VI on the plasma membrane from incoming adenovirus leads to small membrane lesions (14) . Piercing 
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